• In both clinical and experimental conditions, the effects of coronary occlusion upon the endocardial and epicardiaL halves of the myocardium are known to be different. In a review of autopsy cases, it was found that infarcts not associated with demonstrable acute coronary occlusion are localized to the suhendocardial portion of the myocardium. 1 On the other hand, in the same series, it was observed that even in acute transmural infarctions, the necrosis is more extensive in the inner two-thirds of the myocardium than in the subepicardial region. Others have also observed that myoeardial infarctions are more extensive in the subendocardial zone. 2 ' 3 In addition, subendocardial infarctions heal less rapidly than those in the center of the myocardium or beneath the endocardium. 4 Experimentally, the necrosis following ligation of a coronary artery in the dog lias been found to appear earlier and to be more extensive in the subendocardial than in the subepicardial region."' 1 ° In another study, tine area of infarction in the subendoeardial region in experimental coronary occlusion has been better defined than, although of similar size to, that in the subepicardial zone. 7 One of the mechanisms most frequently proffered to explain the differences between these two layers of the myocardium in coronary occlusion is the effect of intraventriculaxpressure upon the distribution of blood in tlie inner and outer layers of myocardium. In order to test this hypothesis, a radioactive isotope of rubidium, Rb S6 , lias been used to determine coronary flow. 8 
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Kb 80 by the subendocardial and subepicardial halves of the canine myocardium has been compared at different intraventrieular pressure levels.
Methods
Three series of experiments were conducted on a total of 105 mongrel dogs (6.3 to 1S.6 kg). All animals were anesthetized with iv sodium pentobarbital (30 mg/kg). Artificial respiration was instituted and the chest opened through the fourth left intercostal space. Heparin (3 mg/kg) was given iv to prevent blood coagulation.
The first series included 29 dogs, divided into 4 groups, according to the level of mean arterial pressure which was maintained. In each experiment, the left circumflex coronary artery was isolated about one cm before the origin of the ramus marginis obtusi. 13 A carotid artery was cannulated and connected to a blood reservoir. By adjusting the height of the reservoir, it was possible to maintain the mean arterial pressure at 40 mm Hg (seven animals) or 100 mm Hg (seven animals). In seven other (logs, the descending thoracic aorta was ligated, in order to raise the pressure to levels well above 100 mm Hg (mean, 158.8). These different pressure levels were produced in a rotating sequence. Eight animals developed ventricular fibrillation during coronary artery eannulation.
Immediately after ligation of the left circumflex coronary artery, the distal end was cannulated. Within two or three minutes of the time of the ligation, perfusion with arterial blood containing 5 fie of Eb 8G Cl (specific activity, 1.85 rac/mg) was begun from an elevated reservoir. In all experiments, the perfusion reservoir was maintained at a constant height equivalent to a hydrostatic pressure of 100 mm Hg. At the end of the perfusion, ventricular fibrillation was induced electrically. The heart was immediately removed, washed under running water, and blotted dry. The region of the myocardium between the ramus marginis ohtusi and the posterior descending branch was excised. Three samples were taken from this area; a basal, a central, and an apical specimen. Each sample was then divided into inner and outer halves, and each specimen was placed in a previously tared lusteroid tube and weighed. The Rb se content of an aliquot of the Circulation Research, Volume XII, March 196S infused blood and of the tissue specimens was determined in a well-type scintillation detector, and the isotope content of each sample was expressed as couuts/min per g.
The second series included 37 animals. Of those, 12 fibrillated spontaneously after coronary occlusion and were not subjected to further study. The remaining 25 dogs were divided into three groups in a rotating sequence, according to the mean arterial pressure maintained: 40 ± 0,100 ± 0, and 151.8 ± 6.3 (SD) mm Hg. The procedure was identical to that used in the first series, except that the left circumflex vascular bed was not perfused with arterial blood after the vessel itself had been ligated. Instead, the Rb se (150 fie. in 30 ml 0.9% saline) was administered via the superior vena cava by means of a constant rate syringe, approximately two or three minutes after the circumflex artery had been ligated. The infusion lasted precisely two minutes, at the end of which time ventricular fibrillation was induced. Arterial blood samples were drawn at seven points in time during this infusion to permit calculation of the myocardial clearance of Rb 86 , as described previously. 14 The third series included the remaining 27 dogs. This time, ventricular fibrillation was initiated prior to the infusion of Rb 8C . The infusion was made from a reservoir at a constant height equivalent to 100 mm Hg into the distal end of the ligated circumflex coronary artery. In nine animals, the intraventricular pressure during the infusion was the prevailing pressure in the fibrillating heart, namely, 4.7 ± 2.6 (SD) mm Hg. In the other dogs, the intra.ventricular pressure was raised by connecting an elevated reservoir of isotonic saline to the left ventricular chamber via a large bore needle inserted through the apex. The ascending aorta was ligated and the pulmonary veins were occluded by liga.ting securely the roots of both lungs. The anterior descending and right coronary arteries also were ligated near their origins. In nine experiments, the intraventrieular pressure was adjusted to 16.3 ± 0.9 mm Hg and, in the remaining nine, to 26.4 ± 2.7 mm Hg.
Results
The object of the first series of experiments was to determine whether the distribution of blood flow to the subepicardial and subendocardial regions of the heart would be altered by changes in intraventricular pressure when flow was delivered via the normal channels. To accomplish this, the level of blood pressure was varied in the four groups comprising this series. In the first group, .the infusion was made while the heart was fibrillating ( " F " in fig. 1 ). In the second, third, and fourth groups, the mean arterial pressure was adjusted to levels of 40 ± 0, 101 ± 3 and 159 ± 4 mm Hg (mean ± SD) respectively. Thus it is clear that intraventricular systolic pressures were varied over a wide range of values related to the levels of the mean arterial pressure. Actual recordings of intraventricular pressures were not obtained in these experiments, however.
The mean Rb se content was determined for the three subepicardial and the three subendocardial samples taken from the posterior left ventricular myocardium in each experiment. The ratios of the mean content of the subepicardial to that of the subendocardial specimens were then computed. The geometrical means (computed logarithmically 15 ) of these ratios (expressed as per cent) were calculated for each group. As figure I shows, the means of each group did not vary significantly from 100%, or from each other (P > 0.10 by the analysis of variance). In other words, in this series, the subepicardial-subendocardial ratio of Rb 86 contents was not affected to any ap- The subepicardial: subendocardial ratio of Jib 86 contents (expressed as per cent) in the ischemic myocardium at mean arterial pressures (M.A.P.) of 40, 100, and 152 mm Hg. The isotope entered the myocardium through collateral channels.
preciable extent by changes in intraventricular pressure.
In the second series of experiments, Rb 86 was injected into the superior vena eava after the left circumflex coronary artery had been ligated. Therefore, the Rb 88 present in the area ordinarily supplied by this artery must have been delivered via the collateral vessels. In the normal zone, adjacent to the anterior descending coronary artery, the mean Rb 86 clearances for the entire thickness of the myocardium were 31.2, 60.3, and 76.4 ml/min per 100 g tissue for the 40, 100, and 152 mm Hg pressure groups, respectively. The corresponding mean clearances for the ischemic posterior ventricular myocardium were 9.0, 20.8, and 32.4 ml/min per 100 g, respectively. These clearance values represent approximately the same fraction of the values in the normal zone as were reported in a previous study. 12 Also, the observation of a progressive increase in collateral circulation (as assessed by the Rb 86 clearances in the ischemic zone) as a function of mean arterial pressure confirms the findings of Kattus and Gregg, 16 which were obtained by the retrograde flow technic. The subepicardial: subendocardiul ratio of JB6 86 contents (expressed as per cent) in the fibrillating myocardium, at intraventricular pressures (I.V.P.) of 5, 16, and 26 mm Hg. The isotope was mixed with arterial blood and perfused into the cognate artery.
The purpose of the second series of experiments was to determine whether collateral blood flow to the subendocardial and subepieardial layers of the region affected by coronary occlusion would be influenced by changes in intraventricular pressure. The results depicted in figure 2 show that the ratio of subepicardial to subendocardial Rb 86 contents is definitely altered by an increase in intraventricular pressure. Indeed, in the 152 mm Hg pressure group, the ratio of Rb 86 content of subepicardial to subendocardial layers is significantly above 100% (P = 0.005), and is also significantly different from the mean value for the 40 mm Hg pressure group (P = 0.005). Also, by the analysis of variance, the groups are significantly different (P = 0.025).
In the third series of experiments, Rb 86 in arterial blood was infused directly into the distal end of the ligated circumflex coronary artery, as in the first series. However, unlike the first series, the myocardium was not normally beating, but ventricular fibrillation had been induced prior to the infusion. The geometrical mean of the ratios of epicardial to endocardial Rb 86 contents was computed for
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CORONARY BLOOD FLOW 325 the three levels of intraventricular pressure. It is evident from figure 3 that the mean ratio was significantly different (P = 0.02) from 100% in the third group. Furthermore, the mean of the third group was also significantly different (P = 0.05) from the mean of the first group.
Discussion
The rate of uptake of Rb so by an area of myocardium is dependent upon rate of blood flow to the region, and upon the rate of capillary exchange of the isotope. 8 It has previously been reported that the clearance of Rb 86 is equal in the inner and outer thirds of the normal myocardium, and the clearance of the middle third is only slightly higher. 17 In our study, the myocardium was divided in two approximately equal halves, so that the higher uptake by the middle third is probably equally represented in the subendocardial and subepieardial specimens. Since the rate of capillary exchange of Rb 86 in the samples from the two layers is probably equal, their Rb 80 contents will depend largely upon the rate of coronary blood flow delivered to both, layers.
In the first series, Rb 88 was mixed with arterial blood and perfused into the cognate vessel (left circumflex artery) at a pressure of 100 mm Hg. Undoubtedly, this was adequate to maintain a normal, or nearly normal, contraction in the myocardium supplied by that artery. Under these conditions, Rb 88 uptake by the inner and outer halves of the myocardium was not significantly different, nor was this influenced by the level of intraventricular pressure ( fig. 1 ).
In the second series of experiments, on the other hand, the intraventricular pressure exerted a pronounced effect upon the distribution of Rb 88 between the inner and outer halves of the myocardium in the region ordinarily supplied by the left circumflex artery ( fig. 2 ). Any deviation from unity in the ratios of Rb 86 uptake in the two layers of myocardium is probably indicative of at least equivalent, or probably somewhat greater, deviations in the ratios of blood flows to these regions, because of the inverse relationship Circulation Research, Volume XII, March 1963 which exists between extraction and blood flow. 10 -18 Experimentally, there are two major features which distinguish the second series from the first: (1), the absolute rate of blood flow to the posterior left ventricular myocardium was considerably less in the second series, and (2), the Rb 86 which reached this region was delivered by collateral rather than by the cognate vascular channels. Relative to the first of these features, it has been demonstrated that within seconds after ligation of a major coronary artery, the affected myocardium will cease contracting normally and will actually bulge during systole. 19 In the second series, therefore, the alteration in distribution of blood flow evoked by higher intraventricular pressures may be attributable either to its effects upon the non-contracting myocardium, or to its influence upon collateral rather than cognate channels.
The third series of experiments was conducted to distinguish between these major alternatives. In these experiments, the effects of variations in intraventricular pressure upon blood flow distribution through the cognate channels was ascertained in the nonbeating heart. Figure 3 demonstrates that, at higher intraventricular pressures, the ratio of subepieardial to subendoeardial Rb 86 uptakes increases. In these experiments, much lower pressure levels were employed than in the first two series. However, these intraventricular pressures were applied continually, whereas the intraventricular pressures in the first two series were exerted only during the systolic phase of the cardiac cycle. Since the isotope ratios did vary as a function of intraventricular pressure in the third series, and since the isotope was infused through the cognate channels, it would appear that the intraluminal pressure does not exert its influence only upon collateral channels. By exclusion, therefore, it may be deduced that intraventricular pressure alters the distribution of blood flow in the non-beating heart, or in non-beating regions of the contracting myocardium.
In the normally beating heart, the intra-326 CUTAEELLI, LEVY myocardial pressure at any point is a function of the active tension exerted by the myocardial fibers in the neighborhood of that point, as well as of the intraluminal pressure. It has been reported that intramural pressure in the subepicardial region is less than that in the subendocardial layer. 20 -21 According to Johnson and di Palma, 20 intramural pressure exceeds intraluminal pressure at all depths in the normal myocardium. According to Laszt and Miiller, 21 on the other hand, the intramyocardial pressure is less than the peak intraventricular pressure. Even in the more superficial Ia3 r ers of the myocardium, however, it is likely that intramural pressures exceed the hydrostatic pressure in the capillaries. Therefore, it is likely that capillary blood flow will be impeded to approximately similar degree during systole at all inyoeardial levels in the normally beating heart. This would account for the observed ratios approximating unity ( fig. 1) . In a non-beating, ischemic zone produced by acute coronary artery occlusion, the myocardial fibers would be expected to behave more like passive elastic elements. The gradient of intramural pressures from the endocardial to the epicardial surface would undoubtedly be altered. It may be postulated that this altered gradient is responsible for the observed influence of intraluminal pressure upon the intramural distribution of collateral blood flow in the ischemic myocardium.
Summary
The subepicardial: subsendoeardial ratio of Eb 8C contents was measured and used as an index of the distribution of coronary blood flow to the more superficial and deeper layers of the canine myocardium. In the normally beating heart, the level of intraventricular pressure did not exert any detectable influence upon this ratio of Rb 86 contents. In the fibrillating heart, or in an ischemic (and presumably non-beating) region of the beating heart, on the other hand, this ratio increased as intraventricular pressure was progressively raised. It is concluded, therefore, that the intraventricular pressure exerts a significant influence upon the distribution of blood flow to the deeper and more superficial layers of 3'ocardium only in regions which are not beating normally.
